Molecular data have had a profound impact on the field of plant systematics, and the application of DNA-sequence data to phylogenetic problems is now routine. The majority of data used in plant molecular phylogenetic studies derives from chloroplast DNA and nuclear rDNA, while the use of low-copy nuclear genes has not been widely adopted. This is due, at least in part, to the greater difficulty of isolating and characterising low-copy nuclear genes relative to chloroplast and rDNA sequences that are readily amplified with universal primers. The higher level of sequence variation characteristic of low-copy nuclear genes, however, often compensates for the experimental effort required to obtain them. In this review, we briefly discuss the strengths and limitations of chloroplast and rDNA sequences, and then focus our attention on the use of low-copy nuclear sequences. Advantages of low-copy nuclear sequences include a higher rate of evolution than for organellar sequences, the potential to accumulate datasets from multiple unlinked loci, and bi-parental inheritance. Challenges intrinsic to the use of low-copy nuclear sequences include distinguishing orthologous loci from divergent paralogous loci in the same gene family, being mindful of the complications arising from concerted evolution or recombination among paralogous sequences, and the presence of intraspecific, intrapopulational and intraindividual polymorphism. Finally, we provide a detailed protocol for the isolation, characterisation and use of! ow-copy nuclear sequences for phylogenetic studies.
Introduction
The impact of molecular data on the field of plant systematics can hardly be overstated. In combination with explicit methods for phylogenetic analysis, molecular data have reshaped concepts of relationships and circumscriptions at all levels of the taxonomic hierarchy (Qiu et a!. 1 999; Soltis et a!. 1 999; Crawford 2000) . As molecular phylogenetic studies have accumulated, it has become apparent that different molecular tools are required for different questions because of varying rates of sequence evolution among genomes, genes and gene regions. The choice of molecular tool is of paramount importance to ensure that an appropriate level of variation is recovered to answer the phylogenetic question at hand. Nonetheless, the plant systematics community is using only a small fraction of the available molecular tools. The preponderance of molecular data applied to plant systematics problems come from two sources: chloroplast DNA (cpDNA) or nuclear ribosomal DNA (rDNA). W hile the contributions of cpDNA and rDNA to plant systematics are undeniable, reliance on © CSIRO 29 April 2004 these tools to the exclusion of other, perhaps more appropriate, tools is pervasive .
Alternatives to cpDNA and rDNA include both mitochondrial (mtDNA) and nuclear (nDNA) sequences other than rDNA. Because of its generally slow rate of sequence evolution and fast rate of structural evolution (Palmer 1 992; Palmer et al. 2000) , mtDNA generally has been ignored by plant systematists as a potential source of data (but see e.g. Qiu et al. 1 998, 1 999; Freudenstein and Chase 200 1 ; Anderberg et al. 2002; Sanjur et al. 2002) . For this reason, mtDNA will not be considered further in this review. Nuclear sequences other than rDNA represent most of the DNA contained in any given cell, comprising both high-copy repetitive DNA (e.g. transposons, centromeric and telomeric repeats), and low-to moderate-copy DNA elements, including the majority of genes. The evolutionary dynamics of these two classes of DNA can be dramatically different. For example, repetitive DNA may experience non-Mendelian transmission, be subject to concerted evolution, and/or be mobile within a genome (e.g. transposable elements).
Accordingly, distinguishing sequences related by descent (orthologs) from a sea of related (but non-orthologous) sequences may be a challenge. Low-copy nuclear sequences on the other hand, typically evolve independently of paralogous sequences and tend to be stable in position and copy number (but see e.g. F u and Dooner 2002), thereby facilitating identification and isolation of orthologous sequences. It is this low-copy fraction of nONA that we wish to focus on here, particularly with reference to applications at the level that most systematists work, namely, among closely related species within one to several genera. We briefly review the pros and cons of using the now-traditional cpDNA and rONA sequences, We then focus our attention on low-copy nuclear sequences, . describing methodological, biological and conceptual issues surrounding their use in phylogenetic analysis. Finally, we describe a generally applicable strategy for the isolation, characterisation and phylogenetic use of low-copy nuclear genes.
Chloroplast DNA
The most widely used source of data in plant molecular phylogenetic analyses has been cpDNA, either in the form of restriction site or DNA sequence analysis. The use of cpDNA has been reviewed extensively (Olmstead and Palmer 1994; Soltis and Soltis 1998a) and will not be belabored here, but several points merit restating, with respect to the nature of cpDNA evolution and the general utility of cpDNA relative to nONA.
Evolut ionary dynamics of cpDNA
The primary advantages of cpDNA as a molecular tool lie in its relatively simple genetics. The chloroplast genome is a circular molecule found in multiple copies per chloroplast, and contains both coding (gene) and non-coding (intron and intergenic spacer) sequences. The presence of multiple copies of the chloroplast genome per chloroplast, coupled with the presence of multiple chloroplasts per leaf cell, means that cpDNA is relatively high copy within a typical genomic DNA prep. This property is a significant advantage as the high copy number facilitates restriction site analysis as well as PCR amplification of specific cpDNA regions because higher copy-number sequences are more readily accessible.
Chloroplast DNA is generally characterised as structurally stable, haploid, non-recombinant and generally uniparentally inherited (primarily maternally in angiosperms, although examples of paternal and biparental inheritance are also known), all features that facilitate its use in systematic studies. Structural stability across large evolutionary scales has been demonstrated by comparative cpDNA mapping and sequencing, and numerous studies have shown that cpDNA molecules are highly conserved with respect to gene content and arrangement, especially R. L. Small et a/.
among closely related species (Olmstead and Palmer 1994) . As evolutionary divergence increases, structural mutations (inversions, indels, and expansion/shrinkage of the inverted repeat) become more pronounced, but overall gene content and order remain remarkably consistent. This structural stability has facilitated the design of 'universal' PCR primers and heterologous cpDNA probes. In addition, and most importantly, it allows the. expectation that specific DNA sequences isolated from different species are orthologous.
Haploidy, uniparental inheritance and the absence of recombination among cpDNA molecules are also important features. A central assumption of phylogenetic analysis is that terminal taxa are the product of bifurcating lineage-splitting events, rather than products of reticulation. For haploid (and thus non-recombinant), uniparentally inherited cpDNA molecules, relationships are by definition bifurcating rather than reticulate, and hence these are appropriate terminals for phylogenetic analysis (Doyle 1992) . Additionally, to the extent that cpDNA is haploid, intra-individual (allelic) variation is absent, thus simplifying analyses. The haploid nature of cpDNA also serves to reduce the amount of intraspecific and intrapopulation variation. Since the effective population size of a haploid genome is smaller than that of a diploid genome (114 in dioecious plants; 1/2 in monoecious plants), coalescence times and time to fixation of cpDNA haplotypes within a population are short relative to diploid genomes.
These generalisations are, however, not without exceptions. For example, while organellar genomes are assumed to be non-recombinant, evidence from Pinus contorta (Marshall et at. 2001) suggests cpDNA recombination may occur in plants, similar to reports of mtDNA recombination in hominids (Awadalla et at. 1999; Eyre-Walker 2000) . Uniparental inheritance is usually assumed in cpDNA studies, and while most studies have confirmed uniparental inheritance of organellar genomes (maternal in angiosperms, paternal in gymnosperms), exceptions, including both paternal and biparental inheritance, have been reported in angiosperms (Birky 1995; Corriveau and Coleman 1988; Reboud and Zeyl 1994) . The primary effect of these processes on molecular systematics is an increase in homoplasy over what might be expected from a uniparentally inherited, and thus non-recombining molecule.
There is some irony in the realisation that the properties of cpDNA that make it an attractive tool for molecular systematics also hinder its overall utility in phylogenetic analyses. These stem from the propensity of plants to hybridise and undergo polyploidisation. Because cpDNA is uniparentally inherited and haploid, it reveals only half of the parentage in plants of hybrid or polyploid origin (generally the seed parent in angiosperms because of maternal inheritance). Thus, cpDNA analysis of hybrid or polyploid plants may incorrectly identify them as belonging to a clade of one of the two parents, without revealing the hybrid history. If hybridisation is followed by introgression and subsequent fixation of the alien cpDNA, then the phylogeny may be accurately resolved with regard to the maternal history; however, cpDNA fails to identify the phylogenetic conflict arising from a hybrid ancestry.
Evolut i onary rates of cpDNA
Generally, in plants the mitochondrial genome evolves at the slowest rate, the chloroplast genome at a slightly faster rate and the nuclear genome at the fastest rate (Wolfe, Li et a!. 1987; Gaut 1998) . There is, of course, substantial rate variation within genomes, and coding regions evolve more slowly than non-coding regions (introns and intergenic spacers), presumably because of selective constraints. For this reason, cpDNA gene sequences (e.g. rbcL, atpB, matK and ndhF) have been used extensively at the family level and above (Chase et a!. 1993; Qiu et al. 1999; Soltis et a!. 1999) , while non-coding sequences such as introns. (e.g. rpL16, rpoC I, rpS 16, trn L, trnK) and intergenic spacers (e.g. trnT-trnL, trnlr-trnF, atpB-rbcL, psbA-trnH) are used more frequently at lower taxonomic levels (Taberlet et a!. 1991; Sang et al. 1997a; Small et al. 1998) . Given the relatively slow rate of cpDNA evolution, however, even non-coding cpDNA regions often fail to provide significant phylogenetic information at low taxonomic levels (Small et al. 1998) . This latter problem represents a significant limitation of cpDNA sequences for phylogenetic reconstruction, as applicability is restricted to relatively deep divergence histories.
Nuclear ribosomal DNA
To compensate for the limitations of cpDNA, as well as to obtain additional and independent estimates of phylogeny, nuclear rDNA has been widely adopted as a tool in plant systematics, and is now as commonly used as cpDNA. At higher taxonomic levels the slowly evolving rRNA genes are used Zimmer 1988, 1992; Steele et a!. 1991; Soltis et a!. 1997; Kuzoff et a!. 1998; Soltis and Soltis 1998b ) , while at lower taxonomic levels internal and external intergenic spacers are more commonly employed (Baldwin et a!. 1995; Alvarez and Wendel 2003; Bailey et a!. 2003) .
Evolut ionary dynam i cs ofrDNA
In land plants rRNA genes are organised into two distinct sets of tandem arrays. The first set is composed of 5S rRNA genes and intergenic spacers in tandem arrays at one or more chromosomal loci. The second set includes the 18S-5.8S-26S rDNA cistron in tandem arrays at one or inore chromosomal loci. Both sets of rDNA arrays have been used in systematic studies, although the 18S-5.8S-26S arrays have been used far more frequently than 5S. As for cpDNA, the potential phylogenetic utility of rDNA is facilitated by its structure and molecular evolution. Ribosomal genes exist in A ustralian Systematic Botany 1 47 tandem arrays of genes composed of hundreds to thousands of copies per array (Baldwin et al. 1995; Cronn et a!. 1996; Hanson et a!. 1996b; Kuzoff et a!. 1998; Soltis et a!. 1997; Soltis and Soltis 1998b; Wendel et al. 1995a) . The higher copy number facilitates evaluation of rDNA by both restriction site-and PCR-based strategies. In addition, the repetitive structure of these arrays promotes a process of homogenisation ('concerted evolution': Zimmer et a!. 1980; Arnheim 1983 ) that may result in a single predominant sequence across all copies and arrays. This homogenisation allows PCR products to be directly sequenced, generally yielding a single dominant sequence that is assumed to be representative of the underlying genomic sequences.
W hile rDNA has contributed substantially to our present understanding of plant systematics, the highly repetitive nature of rDNA gives it properties that effect the potential utility and reliability of these regions in phylogenetic studies Bailey et al. 2003) . These potential difficulties stem from the structure and evolutionary dynamics of rONA-specifically, the presence of both multiple copies per array and multiple arrays per genome, and the presence, absence, or variable strength of concerted evolution. As noted above, concerted evolution tends to homogenise sequences within and sometimes between rDNA arrays. The important phrase here is 'tends to.' The strength of concerted evolution is far from uniform across repeat units, arrays and taxa. In the absence of complete concerted evolution, sequence variants can arise and be maintained within and between arrays, yielding multiple distantly related rDNA types within individuals (Suh et al. 1993; Cronn et a!. 1996; Buckler et al. 1997; Hartmann et a!. 2001; Mayo! and Rossello 200 I; Muir et a!. 2001; Bailey et al. 2003) . Indeed, rDNA pseudogenes may be regular constituents of many genomes, representing phylogenetically distant sequences that may preferentially be amplified over functional rDNA loci (Buckler and Holtsford 1996; Buckler et al. 1997; Hartmann et a!. 2001; Mayo! and Rossello 2001; Chase et a!. 2003) .
More problematic, however, is the possibility that such erratic variation is the norm for rDNA rather than the exception, even though such findings may be generally ignored, underreported or undetected . For example, polymorphic positions are found frequently in published rDNA datasets. Such polymorphisms generally are simply coded as polymorphic characters for phylogenetic analyses, ignoring the fact that these positions are evidence of unhomogenised sequence variants, perhaps of distantly related sequences. In addition, sequence polymorphism may go undetected in automated or manual sequencing, or else the strongest peak (or band) at a position may be scored as the 'correct' base. Finally, PCR bias may selectively amplify one of the genomic sequences because of differences in genomic copy number or primer affinity (Wagner et a!. 1994) . The sum of these observations is that rONA sequences obtained by direct sequencing of PCR products may fail to reveal the complexity of nuclear rONA content, and may in fact preferentially reveal paralogous rONA sequences in different taxa or accessions.
While the prevalence of this phenomenon can be difficult to ascertain in diploid species, the problem becomes exacerbated in allopolyploid · and hybrid taxa in which multiple divergent rONA loci are expected to exist on different chromosomes donated by the different parents. For example, allotetraploid (AD-genome) species of Gossyp ium contain genomes donated from an African A-genome diploid and a New World 0-genome diploid. Direct sequencing of PCR-amplified ITS fragments (Wendel et a!. 1 995a) from the five allotetraploid species revealed only a single rONA sequence type characteristic of either the A-or 0-genome (but not both), despite the fact that Southem hybridisation (Wendel et al. 1 995a) and FISH (Hanson et al. 1 996b) evidence indicated that both genome types were maintained in the allotetraploid. Similar results have been reported in allotetraploid Glyc i ne (Rauscher et a!. 2002) and elsewhere (reviewed in Alvarez and Wendel 2003; Bailey et a!. 2003) where biased amplification of ITS sequences from specific parental diploid genomes was observed, perhaps because of differential underlying copy number.
Evolut ion m y rates ofrDNA
One of the reasons for adding rONA sequences to the arsenal of tools available to plant molecular systematists is to obtain data from a source independent of cpDNA. The other primary reason, especially at lower taxonomic levels, is to obtain sequences that evolve at a faster rate, so that more phylogenetically informative characters are obtained. In phylogenetic studies at low taxonomic levels in which both non-coding cpDNA and ITS data are collected for a set of taxa, ITS sequences generally provide greater levels of divergence and thus greater resolution and stronger support than an equivalent sample of cpDNA sequence (e.g. Hodges and Arnold 1 994; Gielly et a!. 1 996; Sang et a!. 1 997a; Whitten et a!. 2000) . The more rapid rate of evolution ofiTS, however, is tempered by its relatively short length (generally 500-600 bp in angiosperms) and the relatively high levels of homoplasy . Recently, attempts to add the flanking external transcribed spacer (ETS) of nuclear rONA to supplement ITS sequences have met with some success (Baldwin and Markos 1 998; Linder et al. 2000) . The internally repetitive structure of the ETS region, however, can make both PCR amplification and sequence alignment difficult, thus presenting an additional obstacle to the widespread .adoption of ETS in systematic studies. Finally, it is important to note that because of the linked nature of the 45S rONA cistron, the ETS region will fall prey to the same pitfalls and problematic evolutionary dynamics as ITS. For this reason, congruence between ITS-and ETS-derived topologies provides not so much an R. L. Small et a/.
independent confirmation of phylogenetic signal as confirmation of genetic and physical linkage.
Low-copy nuclear genes
While the use of low-copy nuclear genes for phylogeny reconstruction is still in its relative infancy, several conclusions may be drawn regarding both utility and limitations. Among the advantages of nuclear genes are an overall faster rate of sequence evolution than in organellar genomes, the presence of multiple independent (unlinked) loci and biparental inheritance. Disadvantages of nuclear loci stem primarily from the more complex genetic architecture and evolutionary dynamics of the nuclear genome and possible difficulties in isolating and identifying orthologous genes. Other relevant issues include the possibilities of concerted evolution and/or recombination among paralogous sequences and the presence of intraspecific, intrapopulational and intraindividual variation (heterozygosity).
Advantages of nuclear genes

Rate var iat ion i n nuclear genes
One of the primary advantages of nuclear genes for phylogenetic analysis is the elevated rate of sequence evolution relative to organellar genes. Broad surveys have revealed that synonymous substitution rates of nuclear genes are up to five times greater than those of chloroplast genes and 20 times greater than those of mitochondrial genes (Wolfe et a!. 1 987; Gaut 1 998). This elevated evolutionary rate yields a greater efficiency of sequencing effort, since more variation is detected per unit of sequence than in organellar genes. This advantage becomes particularly acute at low taxonomic levels (Small et al. 1 998) or among lineages created by rapid divergence events (Cronn et al. 2002b; Malcomber 2002) . For example, in an analysis of the relationships among the allotetraploid species of Gossyp ium L. (Small et al. 1 998) , direct comparison of non-coding cpDNA and nuclear-encoded alcohol dehydrogenase (AdhC) sequences showed that relationships were incompletely resolved and poorly supported by >7 kb of non-coding cpDNA, while data from a 1.65-kb section of AdhC provided complete and robustly supported resolution of relationships. Extrapolation of these results suggested that to obtain equivalent phylogenetic resolution from the cpDNA as the AdhC sequences, >40 kb of non-coding cpDNA would have to be sampled.
While this example highlights a potential advantage of nuclear genes in terms of a faster evolutionary rate, it ignores the huge range of evolutionary rates observed among nuclear genes, regions within genes, and even sites within genes. For example, the selection of AdhC for the study of Small et a!.
( 1 998) was fortuitous, as this gene is the most rapidly evolving of the Gossyp ium Adh gene family (Small and Wendel 2000a ) and the fifth most rapidly evolving gene among a sample of 49 nuclear genes in Gossypium (Senchina et a!. 2003) . Variation in overall evolutionary rate is observed whenever multiple genes are sampled in a given phylogenetic context. For example, in comparisons of A-and D-genome diploid cottons for the Adh gene family of Gossypium, a greater than 3-fold range of variation was observed for synonymous sites (Small and Wendel 2000a) . Broader sampling of 16 mostly anonymous nuclear loci from Gossypium showed a 5-fold range of variation in overall evolutionary divergence (Cronn et a!. 1999) , and a recent study of 36 'fibre-expressed' genes from the same species (Senchina et a!. 2003 ) revealed a 7-fold range of variation in overall divergence and a 2.9-fold range in synonymous substitution rates. These ranges are in accordance with those derived from other well studied groups (Gaut 1998; Mathews et a!. 2002) . Such wide ranging variation will clearly influence the lineage-specific utility of a given nuclear gene, and points to the importance of screening multiple loci and choosing markers on the basis of preliminary evidence from the taxa of interest.
In addition to rate variation among genes, there is rate variation among regions within genes. Nuclear-encoded genes can generally be divided into different functional regions, such as the 5' untranslated region (UTR), exons, introns and 3' UTR. Given the variable functions of these regions, and thus variable evolutionary constraints on them, considerable variation in evolutionary rates exists within a single locus. Important promoter elements responsible for gene regulation are generally found in the 5' UTR which may include relatively conserved domains (Wray et a!. 2003) . In some cases, however, 5' UTRs may contain introns that are highly variable (Liu et al. 2001) . Exons are likely to be more conserved at non-synonymous sites (primarily 1st and 2nd codon positions) while synonymous 3rd codon positions typically diverge at rates similar to those of non-coding regions. Nuclear spliceosomal introns generally are under fewer functional constraints at the sequence level, although there often are length limits on introns that are important for proper mRNA processing, and occasionally regulatory elements lie within introns (e.g. Ahlandsberg et a!. 2002; Hong et al. 2003 ) that also are likely to be highly conserved. Elements in the 3'-UTR sequences control mRNA processing and poly-A addition signals, but otherwise are often highly variable. Perhaps counterintuitively, accumulating evidence indicates that synonymous sites within exons (i.e. 3rd codon positions) may exhibit evolutionary rates that are equal to or greater than those found at 'silent' non-coding sites (introns, UTRs) (Charlesworth and Charlesworth 1998; Small and Wendel 2002; Senchina et a!. 2003) , presumably because of conserved structural features and/or existence of regulatory domains in the latter.
Multi ple independent loci
In addition to faster evolutionary rates, nuclear genes offer another vitally important feature-multiple unlinked loci may be used for independent phylogenetic inference. Corroboration of phylogenetic hypotheses by independent datasets increases confidence in a given phylogenetic tree. Likewise, incongruence between datasets has been of use to infer evolutionary phenomena such as hybridisation, introgression or lineage sorting (Wendel and Doyle 1998) . In plant systematics, such comparisons are typically between cpDNA and nrDNA datasets. Given the complete linkage among cpDNA sites owing to its structure (a single circular chromosome) and its non-recombining nature, multiple cpDNA datasets are expected to converge on a single topology (irrespective of whether or not this reflects the organismal phylogeny). Ribosomal DNA offers a single alternative from the nuclear genome, but if incongruence between rDNA and cpDNA is identified, independent data must be obtained to sort out the source of the incongruence. Moreover, and as alluded to above and discussed at length elsewhere , rDNA sequences may prove phylogenetically unreliable under certain conditions. In Gossypium, unexpected and anomalous phylogenetic results obtained with rDNA (Wendel et a!. 1995a (Wendel et a!. , 1995b have been reconciled only through the use of multiple, unlinked low-copy loci (Small et al. 1998; Liu et a!. 200 I; Cronn et a!. 2002b , each of which provides an independent evaluation of the unexpected results from rDNA.
Low-copy nuclear genes are capable of providing a virtually limitless source of additional, independent phylogenetic information. Because eukaryotic nuclear genomes are composed of multiple chromosomes that undergo recombination, genes found on different chromosomes, or even on the same chromosome if sufficiently far apart, are effectively evolutionarily independent of each other. Factors that may give rise to phylogenetic incongruence between datasets (e.g. hybridisation/introgression; non-homologous gene conversion) are likely to affect a limited number of genes in a localised region. Acquisition of data from multiple independent regions allows an opportunity to determine phylogenetic relationships supported by a majority of the data and can highlight particular genomic regions that may be problematic (Cronn et al. 2002b Rokas et al. 2003) .
Biparental inheritance
A final desirable property of low-copy nuclear genes is their explicitly biparental Mendelian inheritance. Because the chloroplast genome is usually uniparentally inherited, cpDNA datasets can tell only half the story in cases of hybridisation or allopolyploidisation. Likewise, while Flg. 1. Hypothetical scenario of gene duplication, followed by speciation events to depict relationships among orthologous, paralogous and homoeologous gene copies. Orthologous genes are related solely by speciation (e.g. !A and 18). Paralogous genes are related by gene duplication and are found both within species (e.g. ! A and 2A) or between species (e.g. lA and 28). Homeologous genes are orthologous genes that are related by polyploidisation (e.g. ! A' and IC'). A gene duplication occurs near the base of the tree, resulting in two genetic loci (Locus 1 and Locus 2). Two speciation events give rise to three extant species (Species A-C), each of which is diploid and thus contains two haploid genomes (AA, 88 and CC,respectively). Hybridisation between species A and C, followed by polyploidisation results in the tetraploid AC species (with four haploid genomes, AACC). Gene copies in the tetrl!ploid are noted with a' to distinguish them from copies found in the diploid progenitors. nrDNA is biparentally inherited, the process of concerted allotetraploid Gossyp ium based on cpDNA identified the evolution, array expansion/contraction and the presence of maternal lineage (Wendel 1989; Wendel and Albert 1992) , paralogous sequences can make isolation of both parental and ITS analyses were complicated by bi-directional copies difficult, if not impossible (Rauscher et a!. 2002;  interlocus concerted evolution (Wendel et a!. 1995a), Alvarez and Wendel 2003) .
analyses of low-copy nuclear genes from tetraploid In contrast, low-copy nuclear genes are less frequently Gossyp ium have unambiguously identified the ·Jineages subject to concerted evolution (although exceptions have representing the parental donor species (Small et a!. 1998 ; been reported-see below), thus making them ideal Cronn et al. 1999 Cronn et al. , 2002b Gene families and the isolation and identification of orthologous genes
The primary disadvantage of using nuclear genes stems from the complicated genetic architecture of eukaryotic nuclear genomes and the tendency for nuclear genes to exist in gene families-multiple copies of homologous genes related by gene (or genome) duplication ( Fig. 1 (Perry and Fumier 1996) have been shown to have a minimum of seven loci in diploid species. Phylogenetic analyses of the Adh gene family in angiosperms suggest multiple rounds of both ancient and recent gene duplication and deletion (Clegg et a!. 1997; Small and Wendel 2000a) . Given the complexity of nuclear genomes, the need to characterise gene family composition prior to phylogenetic analysis is of paramount importance. Phylogenetic analyses implemented to estimate organismal phylogeny assume that comparisons are between strictly orthologous gene copies, and the inclusion of a mixture of orthologous and para1ogous sequences can produce robust, yet erroneous, hypotheses of relationships (Wendel and Doyle 1998) . Rigorous elucidation of the size of a gene family, as well as criteria for establishing orthology should be considered a first step in preliminary studies of the potential utility of nuclear genes (see below).
As gene family structure varies widely both among gene families and among plant lineages, initial studies of nuclear genes should focus on characterising the target gene family Australian Systematic Botany 1 5 1 in the taxa of interest. The usual route taken by many investigators is to design or obtain 'universal' primers for a particular gene family, usually by comparison of gene sequences from a wide phylogenetic array of taxa, with primers located in regions of strong sequence conservation ( PCR using 'universal' primers frequently results in amplification of more than one product, as evidenced by either multiple amplified bands or obvious sequence heterogeneity in the PCR pool. Resolution of this sequence complexity and subsequent development of locus-specific primers generally requires isolation of individual PCR products from the heterogeneous initial amplification reaction, often accomplished by cloning PCR products and screening multiple clones. The most efficient approach is to select a few representative taxa for this initial screening. Once all apparent sequence types from the representative taxa have been obtained, phylogenetic analysis of those sequences is performed. Ideally, these preliminary analyses should take place in the context of related sequences from other taxa in GenBank (http://www.nlm.nih.gov). Appropriate sequences for comparison can often be obtained from GenBank by reference to the literature, searching by gene name or by BLAST searches [Basic Local Alignment Search Tool; http://www.ncbi.nlm.nih.gov/BLAST/; (Altschul et a!. 1 990)] for similar sequences. This exercise is an important component of a preliminary study (see below), as it can differentiate between relatively recent and ancient gene-duplication events. Confidence in assumptions of orthology generally are stronger when the putatively orthologous sequences in question are monophyletic and divergent from paralogs. Preliminary phylogenetic analyses also provide important information of relative rates of sequence evolution within and among genes (see below).
Once an initial characterisation of a gene family has been conducted and appropriate loci have been selected for further study, the next logical step is to develop locus-specific PCR primers. This step can improve efficiency by reducing the necessity of cloning heterogeneous PCR products (except for those cases where heterozygosity is encountered). Locus-specific primers have the added benefit of eliminating the possibility of recovering cloned PCR-generated chimeras (PCR-mediated recombinants) that can form whenever two highly similar templates are co-amplified in a single PCR reaction (Bradley and Hillis 1 997; Cronn et a!. 2002a). If homogeneous sequences are obtained from direct sequences of PCR products from all taxa of interest there is also greater confidence that a single orthologous locus is being amplified and sequenced from all taxa.
Once a group of candidate loci have been identified, orthology must be evaluated empirically. A number of criteria that vary in their methodology and assumptions have been suggested as evidence of orthology. These criteria include overall sequence similarity, tissue specificity and expression patterns (Doyle 1991; Doyle and Doyle 1999) , Southern hybridisation analysis (Cronn and Wendel 1998; Evans et a/. 2000; Small and Wendel 2000a) and comparative genetic mapping (Cronn and Wendel 1998; Small and Wendel 2000a; Cronn et al. 2002b ).
The simplest approach to identifying orthologs is through sequence similarity and phylogenetic analysis. Clearly, orthologs are expected to be more similar and phylogenetically more closely related to each other than to any paralogous sequence, assuming complete sampling of genes within all taxa. This expectation can be violated, however, for at least two reasons. First, complete sampling of all genes of a gene family in all taxa may not be accomplished, owing to the challenges of generating and isolating all relevant gene copies from each taxon in a study. PCR amplification with 'universal' primers may result in differential amplification of loci in different taxa because of imperfect pairing between PCR primers and templates or relative qualities of template DNA (Wagner et a!. 1994) . Subsequent cloning of heterogeneous PCR products samples only a subset of the PCR products present, and screening of numerous clones (by sequencing or restriction digestion) is required to differentiate orthologs from paralogous sequences. Subsequent phylogenetic analysis of the sequences may reveal two sequences from different taxa that are more closely related to each other than either is to suspected paralogs; yet these sequences may indeed be paralogous rather than orthologous if they are related by a recent gene-duplication event and both paralogs are not sampled in both taxa. The second issue that bears on this approach is the problem of either in v i vo or i n v i tro (PCR-mediated) recombination. In this scenario, closely related paralogous loci may undergo non-homologous recombination, and phylogenetic analysis of the resulting chimeric sequences will confound rather than illuminate relationships and inferences of orthology/paralogy. It should be noted that this sequence-based method of determining orthology represents minimal evidence for orthology and is typically included as a precursor to the following three methods of homology assessment.
A second approach to identifying orthologs is to use shared expression patterns as evidence of orthology (Doyle 1991; Doyle and Doyle 1999) . One of the features of nuclear-gene families may be differential expression patterns (either timing or tissue specificity) of paralogous genes. In fact, gene families may exist primarily because paralogous copies are adapted to function differentially, and if orthologous genes serve the same function in different species they can be expected to maintain similar expression patterns. However, expression data may be difficult to obtain, often requiring either detailed RNA (e.g. Northern blot or RT -PCR) or protein (Western blot or isozyme) analysis. In some cases, expression patterns can be inferred from sequence data, as is the case with gene families that have both cytosolic-and organellar-expressed genes. Such cases usually represent ancient gene duplications that are readily identifiable from the sequence data alone and the evidence of orthology is clear. For example, both the phosphoglucose isomerase (PGI) (Gottlieb and Ford 1996; Ford and Gottlieb 1999; Ford and Gottlieb 2002) and glutamine synthase (GS) (Doyle 1991; Emshwiller and Doyle 1999; Emshwiller and Doyle 2002) gene families contain both cytosolic-and chloroplast-expressed paralogous gene copies. Sequence conservation among these classes allows ready identification of the expression pattem of each paralog. Difficulties may arise, however, if a relatively recent gene duplication creates paralogous gene copies with similar or identical expression patterns, highlighting a second difficulty of using expression patterns as a criterion of orthology. Specifically, recent gene duplications within a particular expression class may result in paralogous gene copies that share both strong sequence similarity and expression patterns. A recent study of gene pairs duplicated by polyploidy in allotetraploid cotton (Adams et al. 2003) shows how subsequent expression patterns of duplicated genes may be not only tissue specific, but locus-or genome-specific. This could create a situation whereby one copy (e.g. the A' genome homoeolog in Fig. 1 ) would be expressed in one species, while the other copy (e.g. the C' genome homoeolog in Fig. 1 ) could be expressed in a closely related species. For this reason estimating orthologous relationships among sequences on the basis of tissue-specific mRNA pools could prove particularly challenging, especially if polyploids were included in the analysis. An additional example is provided by the chloroplast-expressed PGI genes of Clark i a (Onagraceae) (Gottlieb and Ford 1996; Ford and Gottlieb 1999; Ford and Gottlieb 2002) .
A third and more practical criterion that can strengthen inferences of orthology are Southern blot hybridisation experiments. Once a suite of sequences have been obtained from a given set of taxa, comparisons of sequence identity between classes of loci can be used to identify regions that are 'locus-specific,' i.e. sequence motifs found in only one of the sequence types or are sufficiently divergent between loci to minimise cross-hybridisation under conditions of high stringency. Generally, introns and 3' UTRs make the best candidates for such motifs. Locus-specific hybridisation probes are then designed from these regions, amplified by PCR, and used to probe restriction-digested genomic DNAs of representative taxa. Results from high-stringency hybridisations using these ideal probes provide an opportunity to 'count genes,' since each band on the resulting autoradiograph represents a single locus. If a single band is detected using this approach in the taxa examined, this constitutes strong evidence that the locus is unique, and by inference, orthologous among taxa. If multiple bands are detected under stringent hybridisation conditions, then either ( 1 ) a restriction site was present within the probe region (which can be avoided by choosing appropriate enzymes and/or evaluating multiple enzymes), or (2) there are multiple, closely related (but paralogous) loci that share high sequence identity with the probe.
An example of the power of this approach is provided by the Adh gene family of Gossypium that contains a minimum of seven loci. Southern hybridisation experiments were informative in identifying both single-copy orthologous loci shared among species as well as documenting a small gene 'subfamily'-a group of closely related genes resulting from recent gene duplications (Small and Wendel 2000a) . The AdhA gene in Gossypium is a truly single-copy gene, and this is reflected in the Southern hybridisation results-using a small intron probe, a single band was detected in diploid species screened, and two bands were detected in the allotetraploid species, reflecting the additivity of the loci contributed from their diploid progenitors.
'AdhB' in Gossypium, on the other hand, was found to include several closely related sequence types. Again, by using a small intron probe, Southern hybridisation showed a complex banding pattern with several hybridising fragments, despite the fact that PCR-based experiments had isolated only a single AdhB-like sequence type. This conundrum was resolved when independent sequence data from genomic and eDNA clones of Adh sequences from Gossypium were described (Millar and Dennis 1 996). The Adh sequences described by (Millar and Dennis 1 996) were subsequently included in a phylogenetic analysis, with Adh sequences isolated via PCR in our laboratory (Small and Wendel 2000a ) and found to be closely related but not orthologous to AdhB, and thus, to constitute a small gene subfamily that presumably resulted from recent gene-duplication events. Given these data and evidence of potential interlocus recombination (Millar and Dennis 1 996), it was determined that AdhB would be a poor choice for use in phylogenetic studies.
Screening exemplar taxa by Southern hybridisation, while clearly the most efficient approach for counting genes, may not always prove completely effective. While preliminary screening of AdhA in Gossypium indicated that AdhA was a single-copy gene in the three diploid species surveyed (spanning the diversity of Gossypium), a subsequent phylogenetic study using AdhA of the 13 D-genome diploid species showed a previously undetected AdhA gene-duplication event (Small and Wendel 2000b) . During the course of data collection for this study, all species surveyed showed little to no sequence heterogeneity, with the exception of the group of four species that constitute Gossypium section Erioxytum subsection Erioxytum. Direct sequencing of PCR products of AdhA (amplified using AdhA locus-specific primers) detected extensive sequence Australian Systematic Botany ! 53 heterogeneity in these four species. Given this information, we conducted Southern hybridisation experiments on these species and found that while all other D-genome species displayed a single AdhA-hybridising fragment, all species of section Erioxytum displayed two hybridising fragments. Apparently, a gene-duplication event confined to these species had occurred, and both loci were being amplified with our PCR reaction conditions. Finally, the most rigorous approach for demonstrating orthology can be obtained by comparative gen tic-mapping studies. In practice, such analyses are restricted to taxa for which genetic-mapping experiments are already underway for other reasons, simply because of the extensive time and effort required for comparative genetic mapping. Nevertheless, it is important to note that comparative mapping studies have been completed for a wide variety of plant lineages (especially crop plants), including, for example, Asteraceae, Brassicaceae, Chenopodiaceae, Fabaceae, Malvaceae, Pinaceae, Poaceae, Rosaceae and Solanaceae. Information from these 'data rich' species can be used to bolster inferences of orthology to more distant relatives. W hile evidence from sequence identity, shared expression patterns and Southern hybridisation analysis can all assist the process of inferring orthology, the retention of shared genomic position among species is arguably the most rigorous evidence of orthology.
Gene families and rate variation among genes
In addition to the requirement of orthology, rate variation is an important consideration when choosing an appropriate gene. Preliminary data from representative species for all . potential loci provide the raw data required to inform this decision. Given the observation of extensive rate variation among nuclear genes at all levels (among gene families, among genes within gene families, among regions within genes, among plant lineages: see e.g. Gaut 1 998; Gaut et at. I996; Sen china et at. 2003; Small and Wendel 2000a) , the gene selected should provide an appropriate level of sequence variation to answer the question being asked. The appropriate level of variation depends on the level of resolution being sought: inter-or intrafamilial studies may utilise more slowly evolving sequences than studies at the inter-or intraspecific level. Further, the regions of a particular gene that are to be used can vary from question to question-exons are generally easily alignable across wide phylogenetic distances (in many cases even among extant land plants), while introns are often unalignable outside of individual genera. Accordingly, questions focused at higher taxonomic levels may choose to exploit regions with high exon content, while lower-level studies may emphasise intron sequence.
W hile examples of particular plant lineages that have been broadly sampled for nuclear genes are relatively few, the available examples highlight the range in variation (and thus phylogenetic utility) found thus far. Our . work in Gossyp ium has resulted in characterisation of a large number of nuclear genes across the well established phylogeny of the primary genome groups. More than 50 nuclear loci have been sequenced· from multiple species, and the range of phylogenetic utility spans from an almost complete lack of variation to highly variable loci that provide robustly resolved and supported depictions of relationships ( 1 999). In all of these examples, variation in the relative phylogenetic utility of nuclear genes is evident, again highlighting the need for preliminary studies to determine the most appropriate locus (or loci) for a given question.
Intraspecific var iat ion i n nuclear genes
Two features of nuclear genes that require attention in phylogenetic studies are the high probability of allelic variation within and among populations of a species, and alleles that are shared between species. Because of the smaller effective population size of organellar genes, and concerted evolution in nrDNA sequences, allelic variation is often low for these markers. Accordingly, a single or just a few individuals of a species are often sampled as placeholders, with the implicit assumption that all alleles from individuals of that species will be more closely related to each other than they are to any other species. When sampling of individuals is increased, this assumption is often borne out, although exceptions do exist, especially with nrDNA ( . Allelic variation within individuals, populations and species in low-copy nuclear genes, however, can be extensive. This is due to the larger effective population size of nuclear genes than that of organellar genes, the process of allelic recombination and the faster rate of molecular evolution of nuclear genes than that of organellar genes. Evidence of such variation was first recognised in isozyme analyses (Crawford 1 985; Gottlieb 1977) , where extensive allelic variation was detected in many species, but also shared allelic variation among species was evident. As results from sequencing studies of plant nuclear genes have accumulated, the presence of substantial allelic variation has been confirmed, although the majority Small and Wendel 2002) .
Allelic variation within species may take two forms, with different implications for phylogenetic studies. First, irrespective of the extent of allelic variation, if all alleles of a species coalesce within that species (i.e. all alleles of a species are more closely related to each other than they are to any allele of a different species), then allelic variation is irrelevant to the ultimate goal of recovering a species phylogeny. This type of allelic variation may be useful, however, for intraspecific studies, e.g. ascertaining population-level relationships, phytogeography, and studies of rates and patterns of sequence evolution.
A second possibility is that allelic variation spans species boundaries (deep coalescence); i.e. some alleles of a species are more closely related to alleles of other species than they are to those of the same species. A number of population genetic phenomena can give rise to this commonly observed pattern. One primary cause lies in the population genetics of nuclear genes. Because of the greater effective population size and faster mutation rate of nuclear genes relative to organellar genes, coupled with the process of recombination, extensive intraspecific allelic variation is both expected and observed in species with sufficient population sizes. W hen speciation occurs, it is likely that both descendants of an ancestral species will contain some, if not all, of the allelic variation present in the ancestral species. If the alleles contained in each of the descendant species are reciprocally monophyletic, then alleles will coalesce within species and phylogenetic analysis using any alleles should reflect this history. If, on the other hand, allelic variation in one or both of the descendant species is not monophyletic, then trans-species polymorphism will be observed.
In exceptional cases, natural selection acts to promote this trans-species polymorphism. This is the case for genes that undergo balancing selection where natural selection acts to promote and maintain allelic variation. Striking examples of this phenomenon are found for genes involved in self-recognition (reviewed in Klein et al. 1998 Zhang et al. 2001 ). Studies of several nuclear genes in Leavenworth/a (Brassicaceae) have shown similar sharing of alleles across species boundaries (Charlesworth et a't. 1998; Liu et a!. 1998; Filatov and Charlesworth 1999) . A study of nucleotide diversity in two pairs of homeologous Adh loci in allotetraploid Gossypium hirsutum and G. barbadense revealed an unusual pattern of non-coalescence (Small and Wendel 2002) . In this particular case, four loci were sampled (two AdhA and two AdhC loci, one from each of the diploid progenitors). For three of four loci, alleles coalesced within species; however, for the fourth locus (AdhC in the D-genome of the tetraploids) alleles found in G. hirsutum were placed phylogenetically into two separate clades. One of these clades included only G. hirsutum sequences, but the second clade included all G. barbadense alleles as well as several G. hirsutum alleles. This observation is significant because, regardless of the underlying cause (non-coalescence or introgression), it was found for only one of four loci, indicating that these population-genetic phenomena can act differentially across loci.
A second cause of trans-species polymorphism is hybridisation and introgression. A prominent feature of plant population biology, hybridisation, and the subsequent possibility of introgression, may be responsible for instances of alleles shared among species. Many well known examples have been described of introgression of chloroplast DNA ('chloroplast capture') and many isozyme studies have documented instances of putative introgression of nuclear genes (Rieseberg and Soltis 1991; Riese berg and Wendel 1993; Rieseberg 1997) . Few studies have addressed the prevalence of nuclear-gene introgression, however, despite the power of phylogenetic analysis of variab1e nuclear genes to illuminate the phenomenon (Sang and Zhang 1999) . In the case of trans-specific allelic variation in maize, the variation may reflect a combination of non-coalescence and introgression between subspecies of Zea mays (Hanson et a!. ! 996a; White and Doebley 1999) . The paucity of empirical data may stem from the theoretical difficulty of distinguishing non-coalescence or lineage sorting from introgression, as both processes are expected to result in similar patterns of allele sharing. Arguing for one or the other generally requires independent evidence, e.g. biosystematic evidence that hybridisation is occurring, or geographic evidence that allele sharing occurs only in regions of sympatry between putatively introgressing species (e.g. Doyle et a!. 1999a).
Recombination and concerted evolution
An additional feature of nuclear genes that has implications for phylogenetic studies is the potential for recombination both at individual loci (thus generating additional allelic diversity), and more importantly, between paralogous genes. Such recombination can take place either in vivo or in vitro (i.e. PCR-mediated recombination).
Allelic recombination (including both crossing-over and gene conversion) results in alleles that are chimeric between parental alleles. This phenomenon violates the assumption of phylogenetic analysis that relationships among terminals are strictly bifurcating, rather than reticulate. If, however, alleles within species are monophyletic, this phenomenon will not affect reconstruction of species relationships from a gene tree, although it may introduce homoplasy into the phylogenetic analysis (Doyle 1995 (Doyle , 1997 . Analytical tools are available for identifying putatively recombinant sequences and their potential parental alleles (Stephens 1985; Sawyer 1989; Jakobsen and Easteal 1996; Grassly and Holmes 1997; Drouin et al. 1999) . Thus, while allelic recombination has implications for phylogenetic analysis, it does not necessarily prevent accurate reconstruction of supra-specific phylogenies from gene sequence data.
Recombination among paralogous sequences (non-homologous recombination), however, is of greater consequence. This phenomenon may take place only sporadically, or be a general feature ofa particular gene or gene family. One noted example is concerted evolution, which tends to homogenise rDNA sequences both within and among rDNA repeats (Zimmer et a/. 1980; Arnheim I 983; Baldwin et a/. 1995; Elder and Turner 1995) . In the particular case of rDNA, which generally consists of thousands of repeats per locus, concerted evolution tends to homogenise repeats such that a single predominant allelic form exists. Concerted evolution appears to be a common feature of highly repetitive nuclear sequences. Low-copy nuclear genes are not free from concerted evolution, however, and examples exist of concerted evolution even among fairly small gene families (e.g. rbcS: Clegg et a/. 1997).
The effect of concerted evolution (or any recombination among paralogous sequences) on phylogenetic analysis depends on its extent. As noted by Sanderson and Doyle ( 1992) , if concerted evolution among members of a gene family is absent, then complete sampling of all genes from all species will result in an orthology-paralogy tree (OP tree) in which sequences of orthologous loci are all more closely related to each other than to any paralogous sequence, and phylogenetic relationships among each ortholog may be expected to reflect organismal relatioships. If, at the other extreme, concerted evolution results in complete homogenisation of members of a gene family (as is often assumed in studies of rDNA), then sampling of any gene of a gene family will result in its correct phylogenetic placement (assuming .concerted evolution occurs at a rate faster than speciation). If, however, concerted evolution occurs but is incomplete, then sampled genes may represent a mixture of orthologous and non-homogenised paralogous sequences. Accurate reconstruction of organismal phylogenies from such data are practically impossible (Sanderson and Doyle 1992) .
The probability of non-homologous recombination appears to be influenced by several factors. Principle among these may be the degree of sequence similarity among paralogs, and the genomic proximity of paralogs. As recombination is a similarity-driven process, paralogous sequences that are more closely related (recently diverged) are more likely to experience non-homologous recombination. This can create a circular pathway of recombinational events-after duplication, paralogous sequences diverge in sequence, but if they retain sufficient similarity, non-homologous recombination may result in homogenisation of the paralogs, which leads to greater sequence similarity, which can then promote inter-locus recombination. Genomic proximity may also play an important role in the . probability of non-homologous recombination. Because recombination occurs primarily between homologous chromosomes, paralogous loci that are closely linked on a chromosome may be more likely to undergo non-homologous recombination than paralogous loci that are located on separate chromosomes.
Finally, the methodological concern of PCR-mediated recombination must be addressed, as most gene sequences used · in molecular phylogenetic studies are generated via PCR. PCR-mediated recombination is a well characterised phenomenon (Myerhans et a!. 1990; Bradley and Hillis 1997; Cronn et a!. 2002a ) that results from either template-switching during PCR or from incompletely extended copies from one locus serving as a primer for subsequent extension from a paralogous locus. This is a notable problem for analyses of low-copy nuclear genes because studies often utilise general or universal PCR primers that amplify multiple loci, especially during preliminary stages of a study, prior to the development of locus-specific primers (Sang et a/. 1997b; Evans, Alice et a/. 2000; Small and Wendel 2000a; Cronn et a!. 2002a ), Similar to in vivo non-homologous recombination, the propensity for PCR-mediated recombination may depend on the degree of sequence similarity among para logs as well as PCR reaction conditions. Specifically, as noted by Cronn et al. (2002a) , annealing temperature, amplicon length and extension time are factors that may be optimised to avoid PCR-mediated recombination.
Procedure to determine appropriate nuclear genes for phylogenetic analysis
When planning a phylogenetic study that includes nuclear genes, a generalised protocol would entail several sequential R. L. Small et a/. steps (Fig. 2) . These include selecting candidate genes and representative taxa for a preliminary study, isolating candidate genes from representative taxa, assessing orthology among sequences isolated from representative taxa, assessing relative rates of sequence evolution in order to choose among potential loci and finally, generating sequences from the taxa of interest from the chosen loci. In an effort to facilitate a general application of these sequential experimental necessities, we will use as an example our previous investigations of the alcohol dehydrogenase (Adh) gene family in Gossypium (Small and Wendel 2000a) .
Selection of candidate genes
One of the great advantages of using nuclear genes for phylogenetic analysis is the practically unlimited number of genes from which to choose (e.g. the Arabidopsis thaliana nuclear genome contains about 26000 genes: The Arabidopsis Genome Initiative 2000). W hile there clearly are differences among genes and gene families in their potential phylogenetic utility, the huge number of possible genes from which to choose indicates that a multitude of genes exist that will be useful in any given plant lineage at any given phylogenetic level. It is important to note that there is no a priori reason to expect that any particular gene or gene family will be universally useful at any given phylogenetic depth because of the vagaries of the evolutionary dynamics of gene families. However, it is even more important to note that with a reasonable investment in characterisation, almost any gene will prove to be useful at some level. Thus, there is no reason to limit explorations to those genes that have previously been shown to be useful in other plant groups. To paraphrase and emphasise this point, there is nothing 'special' in the attributes of commonly used genes such as Adh, particularly in-as-much as relatively unexplored genes (Liu et a!. 2001; Mal comber 2002; Wendel et al. 2002) and even anonymous nuclear loci (Blake et a!. 1999; Cronn et a!. 2002b ) have proven phylogenetically useful.
Given the diversity of genes from which to choose, where should one start? One logical place is with an assessment of genes that have been used by previous workers in taxa related to the group of interest. W hile the list continues to grow, at present a relatively small number of gene families have been widely investigated for their phylogenetic utility in plants (Sang 2002) . These include Adh (alcohol dehydrogenase: e.g. Gaut and Clegg 199 1 , 1993 Ford and Gottlieb 1 999, 2002) . Many of these genes have been investigated in a wide array of taxa, including most major angiosperm groups. In addition, however, many model plants, including most major crops, have associated with them extensive libraries of gene sequences for hundreds if not thousands of genes. This wealth of systematically useful information has been generated as a consequence of the many 'genome projects' being undertaken worldwide.
A first test of potential utility of a given gene or gene family, then, is whether or not it proved useful in other systems at a phylogenetic depth similar to that being attempted (e.g. interspecific, intergeneric, interfamilial). A second advantage of a literature survey is that papers will generally describe the methodology used to isolate specific genes ahd include PCR-amplification primers. These may include general primers that were used for preliminary investigations, as well as locus-specific primers that were used to amplify single members of a gene family. At the time we began our investigations of Gossypium nuclear genes, the Adh gene family was the most widely investigated nuclear-gene family in plants, making it a good candidate for further study. Additionally, previous isozyme studies in Gossypium had shown that ADH protein products (isozymes) were variable among Gossypium species.
Primary sources of candidate genes are the publicly available DNA-sequence databases (GenBank-United States National Center for Biotechnology Information: http://www.ncbi.nlm.nih.gov/;
EMBL-European Molecular Biology Laboratory-European Bioinformatics Institute: http://www.ebi.ac.uk/embllindex.html; DDJB DNA Data Bank of Japan: http://www.ddbj.nig.ac.jp/). DNA sequences deposited in any of these databases are ultimately shared among all three, thus searching through one database generally is sufficient, and because of our familiarity with GenBank, it will be used as an example in the following discussion. Searching for candidate genes by using the DNA sequence databases can be conducted in several ways. First, taxonomic queries can be made at any level of the taxonomic hierarchy through the Taxonomy section of GenBank (http://www. ncbi.nlm.nih.gov/Taxonomy/taxonomyhome. htmll). Note here that GenBank uses a specific taxonomic hierarchical nomenclature for plants that follows recent phylogenetic studies (APGII 2003) , and which must be followed for successful searches. Within angiosperms, groups are classified not only by traditional ranks (e.g. subclasses, orders, families), but also by rankless but well accepted groups (e.g. eudicotyledons, eurosid I). If searches for a particular genus or species do not result in any sequences of interest, the next higher level of the taxonomic hierarchy can be investigated.
Queries can be made by gene name in the search window of the GenBank homepage, if a particular gene family is of interest. Again, nomenclature is an issue that must be dealt with, given the variable names used for some genes. For example, searches for 'alcohol dehydrogenase AND Magnoliophyta' result in matches not only for medium-chain alcohol dehydrogenase sequences that have been the primary focus of molecular systematic and molecular evolutionary studies, but also matches for short-chain alcohol dehydrogenases, cinnamyl alcohol dehydrogenases, unknown mRNA and genomic clones with some sequence similarity to alcohol dehydrogenase genes. Further, some genes may be deposited in GenBank as 'alcohol dehydrogenase', while others may be deposited as 'Adh.' Multiple searches using different combinations of gene and taxon names may be necessary to identify candidate genes.
A final method of searching GenBank that can be especially useful is BLAST searching (Basic Local R. L. Small et a/.
Alignment Search Tool: http://www.ncbi.nlm.nih.gov/ BLAST/). This search tool compares an input sequence to all of the sequences in GenBank and identifies those sequences that have high sequence similarity to the input sequence. One of the advantages of BLAST searching is that results are retrieved without prior knowledge of gene name or taxonomic rank. If preliminary sequence data are available for some taxon of interest (e.g. from a genome project), then BLAST searches can identify sequences in GenBank that are closely related to the sequence of interest, which can then provide useful information for primer design, identification of gene structure (exons and introns) and preliminary phylogenetic analyses. In addition to searches in the general GenBank database, searches can be made through specific sequence sets such as ESTs (expressed sequence tags) and STSs (sequence-tagged sites) that are not included in the general nucleotide database searches, as well as with specific whole genomes (e.g. Arabidopsis thaliana and 01yza sativa-the only plants with complete genome sequences). Given the large number of genome sequencing, EST and STS projects currently underway for various organisms (see NCBI's Plant Genomes Central: http://www.ncbi.nlm.nih. gov/genomes/PLANTS/PlantList.html), these searches may be especially useful for identifying candidate genes.
Selection of representative taxa
When screening candidate genes for potential phylogenetic utility, one efficient approach is to select several taxa that represent the range of diversity that is ultimately to be included. This approach allows the preliminary study to be relatively contained in terms of the number of sequences that must be generated, while still providing enough data to make an informed decision with respect to phylogenetic utility. Preliminary studies should include a minimum of two taxa, as this is required to understand relative levels of divergence. Preferably, up to five taxa should be included to provide a more comprehensive overview of potential phylogenetic utility. The specific choice of taxa will depend on the amount of preliminary data from other sources (taxonomy, biosystematic studies, other phylogenetic hypotheses) that is available. For example, if a study is to investigate relationships among species within a genus, then species representing the major groups within that genus should be selected on the basis of, for example, taxonomic classification of species into subgenera or sections, cytogenetic data grouping species into genome groups, or previous phylogenetic hypotheses.
A second criterion that should be used when considering choice of taxa to use in pilot studies is ploidy level. Given the added layer of sequence complexity that accompanies polyploidy, it is prudent to select taxa at the lowest possible ploidy level for initial investigation. As ploidy level increases, gene family size for any given gene also increases, making it more challenging to confidently identify orthologous sequences. Multiple homeologous loci (orthologous loci donated by the progenitors of the allopolyploid) are expected to be found in allopolyploids, which must be distinguished from paralogous sequences.
Third, taxa for which significant background information is available are better choices for preliminary studies than relatively unknown taxa. Such background information may include ploidy level (see above), cytogenetic characterisation, previous knowledge of phylogenetic relationships, and/or previous molecular biological studies. All of this information may help place preliminary molecular phylogenetic data into a useful organismal and molecular framework, which may then guide further experimental choices.
Finally, representative taxa for which sufficient quantities of high-quality template DNA are available should be chosen. Preliminary studies may involve numerous PCR experiments to find optimal PCR conditions, and successful PCR amplification is often dependent on DNA quality. Additionally, if South em hybridisation experiments are to be performed (see below), large quantities (5-1 0 j.t g per digestion) of restriction enzyme-digestible DNA must be available.
For our studies of Adh in Gossypium we chose three representative taxa for our initial studies. There are so species of Gossypium distributed circumtropically with a well developed infrageneric classification system (Fryxell 1 968, 1 979, 1 992). There are three primary centers of diversity in Gossypium : Australia, Africa and the New World. Additionally, previous cytogenetic studies in Gossypium (reviewed in Endrizzi et a!. I 985) had identified eight different genome groups, and phylogenetic studies based on cpDNA restriction-site data (Wendel and Albert 1 992) had identified major clades. On the basis of this wealth of preliminary data we chose three species representative of the major groups: G. robinsonii (Australian C-genome), G. herbaceum (African A-genome), and G. raimondii (New World D-genome ). Although Gossypium includes both diploid and allotetraploid species, the representative taxa chosen were all diploids to simplifY estimates of gene copy number. It should be noted that while the amount of preliminary data available in Gossypium facilitated our selection of representative taxa, any one of the above sources of information (taxonomy, distribution, cytogenetics, previous phylogenetic hypothesis) alone would have provided sufficient information to make an informed decision on which taxa to include.
Isolation of candidate genes ji·om representative taxa
Once candidate genes and exemplar taxa have been chosen, the next step is to generate preliminary sequence data. This step generally is accomplished via PCR amplification using either general gene family primers or locus-specific primers. The choice of approach is dictated by the amount of preliminary data available to the investigator.
If locus-specific primers are available (i.e. have been designed by other research groups), then PCR amplification and sequencing can be relatively straightforward. It is necessary, however, to remain mindful of complications that may arise from heterozygosity, particularly if alleles differ in length. If, on the other hand, little or nothing is known about a given candidate gene from the taxa of interest, an approach using general primers is necessary. This approach involves either development of general gene-family primers or use of primers developed by others. Such primers usually are designed by comparing gene sequences of available genes of the gene family (e.g. downloaded from GtmBank) and placing primers in regions of high sequence conservation (e.g. highly conserved exon sequences). General primers can be designed to incorporate some polymorphism within the primer if necessary, and it is useful to be aware of codon structure of the exons where primers are to be placed. As the 3' end of the primer is the most important in terms of homology with the target, and especially the last 3' nucleotide, the 3' end of the primer should be placed at a second codon-position nucleotide, as these are likely to be the most highly conserved. General primers have been developed for a number of gene families, including Adh-alcohol dehydrogenase ( Once primers have been designed or obtained, initial PCR optimisation experiments should be performed. Because general primers have not been designed to be locus-specific, the number and size of PCR amplicons from a given taxon cannot be predicted a priori. The efficiency of amplification of various loci may be affected by a number of factors, including template DNA quality, efficiency of the PCR polymerase (Taq, or other available polymerases), primer annealing temperature, MgCI2 concentration and the use of other PCR additives. Relative to other loci amplified for molecular phylogenetic studies (e.g. cpDNA, rDNA), nuclear genes exist in much lower copy number and hence are more difficult to amplify. In many cases; significant experimental effort is required to optimise conditions. Template DNA quality is important, especially when using general primers that may not match the template exactly. Optimal tissue for DNA extraction may vary across lineages. In our experience in Malvaceae, DNA extracted from fresh, young leaf material generally provides the best-quality DNA.
Other researchers (personal communication from a reviewer) have found that DNA extracted from properly processed silica gel-dried material also provides high-quality DNA. In addition, in some groups very young leaves may contain PeR-inhibiting compounds, indicating that mature leaves may be more suitable tissue sources for DNA extraction (personal communication from a reviewer). While typical CTAB DNA isolation procedures (e.g. Doyle 1987, 1990) often result in amplifiable DNA for high-copy templates, these DNAs may retain sufficient impurities to inhibit the more selective amplification of low-copy nuclear genes. In these cases, the use of DNA extraction kits (e.g. Plant DNeasy, Qiagen) that produce cleaner DNAs may be indicated. Template concentration in a PCR reaction may also be important, given the lower copy number of nuclear genes; low-concentration (<20 ng J.!L-1) DNAs that have been adequate for amplification of cpDNA or rDNA loci may be insufficient for amplification of nuclear genes. The choice of amplification polymerase may also affect efficiency or even ability to PCR amplify some nuclear genes. In our laboratories we have used a wide variety of polymerases from various suppliers and found significant variation in the ability of these enzymes to amplify low-copy nuclear sequences. This is, unfortunately, an example of 'you get what you pay for.' While some lower-cost polymerases may be sufficient for amplification of high-copy templates, they may be insufficient for amplification of low-copy sequences.
In addition to the specific polymerase used, other PCR-reaction conditions will affect the ability to amplify low-copy templates. Specifically, annealing temperature, MgC12 concentration and addition of PCR additives may need to be adjusted to optimise amplification conditions. The interplay between primer-annealing temperature and MgC12 concentration is especially important since increasing annealing temperature and decreasing MgC12 concentration results in more specific amplification. Because multiple paralogous copies of most genes are expected to be amplified with a general primer set, it may be desirable in some cases to amplify multiple members of a gene family for initial characterisation. At low annealing temperatures and high MgC12 concentrations a large number of bands often are observed, many of which may turn out to be non-specific amplification products (i.e. not the target sequence). Alternatively, at high annealing temperatures and low MgC12 concentrations, fewer to no bands may be observed because of the high stringency of the reaction conditions. A combined optimisation approach that evaluates a range of annealing temperatures (e.g. ± 5°C of the theoretical melting temperature of the primer pair) and MgC12 concentrations (e.g. 1.5-3.0 mM final concentration) wiil provide an estimate of the combination of conditions under which a reasonable number of bands is amplified (Fig. 3 ). If a gradient thermal cycler is available, these optimisation experiments can be conducted in a single run by using a single DNA in one set of reactions, varying both the MgC12 concentration and the temperature gradient. Finally, a number of PCR additives have been suggested to improve amplification. While we have not exhaustively screened these additives, our experience of amplifying low-copy loci from a variety of seed plants indicates that the addition of bovine serum albumin · (BSA; final concentration of 0.2 J.!g J.!L-1) . significantly improves amplification from problematic DNA.
If locus-specific PCR primers are used to amplify the genes of interest and a single homogenous PCR product is amplified, these products may be directly sequenced. More often, however, especially when universal primers are used, multiple PCR products that may vary in size are obtained. To isolate individual PCR products for sequencing, cloning of these PCR products into an appropriate plasmid is generally required (e.g. Promega's pGEM-T). Alternatively, if multiple bands are widely spaced in size and can be sliced individually from a gel, these products can then be directly sequenced. An exception to these generalisations are studies of highly heterozygous outcrossing plants. For example, analysis of four low-copy loci in conifers (R. Cronn, unpubl.) has revealed that heterozygosity is nearly universal across loci and species and that length polymorphism is common within intron regions. In these more challenging cases, cloning may be necessary. One final alternative to cloning is the design of allele-specific PeR-amplification and sequencing primers (e.g. Rauscher et a!. 2002) if sufficient preliminary sequence data are available.
Once PCR products have been ligated into a plasmid and transformed into competent E. coli cells, the next decision that must be made is to choose how many transformants to screen. At this point in a preliminary study thoroughness is more important than speed, and although these screening steps are often laborious and time-consuming, they increase the probability of completely sampling the pool of PCR products. The number of colonies to pick depends on the initial starting PCR product. If only one or two unique PCR products are expected in a pool of transformants, then a smaller number of colonies can be screened, whereas if several unique PCR products are expected, a greater number of colonies must be screened to ensure identifying all products. As a starting point, we have found that picking 20 colonies is reasonable if a small number of PCR products is expected, and 40 or more if a larger number is expected. Apparent transformants (i.e. white colonies in systems using blue-white selection · criteria with X-gal and IPTG) can quickly and easily be screened for inserts via PCR by using the following procedure.
Individual colonies are picked from plates with a pipet tip and suspended in I0 j.!L of H20 in a numbered microcentrifuge tube. Once the colony is resuspended by pumping the pipettor several times, the pipet tip is applied to a fresh LB-agar-ampicillin plate that has a numbered grid which corresponds to the numbers on the microcentrifuge tubes. This results in (1) a suspension of bacterial colonies in the microfuge tube and (2) a grid plate with corresponding bacterial colonies that (after overnight culture) provide cells for plasmid minipreps. The suspended cells are then boiled for 1 0 min to lyse cells and release plasmid into the supernatant. After centrifugation ( I min, maximum speed) to pellet the cell debris, I j.!L of this suspension can then be used as a template in a small-volume (e.g. 10 j.!L) PCR reaction using either the gene-specific or vectorcspecific primers to screen the colonies for presence of an appropriate insert. Test gels may be run using high-percentage agarose gels (e.g. 2% or higher) to help distinguish among PCR products of slightly different lengths.
A test gel of the colony PCR results will indicate (1) how many of the apparent transformants contain the PCR products of interest and (2) the relative sizes of the inserts. If different-sized PCR products were ligated and transformed in the same reaction, this screen will provide quick identification of which colonies contain different-length PCR products. Because a single-sized PCR product may contain amplicons from more than one gene or multiple alleles of a single locus, a secondary screening using restriction-enzyme digestion (typically frequently cutting enzymes with 4-bp recognition sequences) can be conducted to differentiate among plasmids with identically sized inserts. Ideally, this two-step screening procedure will result in the identification of unique sets of plasmids: a set for each size class, and subsets of plasmids with the same size, but different restriction digestion profiles. Once these sets have been identified, one to several plasmids from each set should be screened by sequencing. Although the foregoing pre-screening procedures may be skipped, the only way to be sure that all variants present are sampled is to sequence all of the colonies.
Template DNA for sequencing from individual colonies may be obtained either by PCR amplification from the boiled colonies or by miniprep isolation of the plasmid DNA either by using published protocols (Ausubel ef al. 1992; Sambrook et a!. 1989) or commercially available kits. We suggest that initial sequencing efforts utilise the plasmid-specific primers that generally flank the cloning site of the plasmid (e.g. in Promega's pGEM-T plasmid primer sites for the T7 and SP6 promoters are available about 50 bp on either side of the cloning site) as this allows sequencing reads through the PCR-primer sites and into the PCR product itself. Depending on the size of the PCR product, internal sequencing primers may be necessary to fully sequence a given plasmid. Such primers usually are easily designed to work across a gene family by placing them in conserved regions of exons (see below), and if necessary, incorporating some ambiguity into the primer.
Preliminary characterisation of genes isolated ji·om representative taxa
Gene structure tends to be fairly conserved across genes of a given gene family. For example, plant Adh genes generally have a 10 exon/9 intron structure. There are examples of introns that have been lost from some lineages-for example, the Arabidopsis thaliana Adh gene (Chang and Meyerowitz 1986) , Gossypium AdhA (Small and Wendel 2000a)-but most genes retain the 10 exon/9 intron structure, and the intron losses are easily discerned through sequence alignment. Identification of exon and intron regions can be accomplished through alignment of sequences obtained from the taxa of interest, with previously published sequences downloaded from GenBank. Gene sequences deposited in GenBank usually have the exon/intron structure designated, and individual exon sequences can be isolated · and aligned individually with the preliminary data. In addition, the R. L. Small et a/. presence of the highly conserved 5' 'GT' and 3' 'AG' intron-boundary dinucleotides can be used to confirm the start and end points of an intron. Thus, through sequential alignment of individual exons and confirmation of intron-boundary sequences, the exon/intron structure of preliminary sequence data can be defined (Fig. 4 ). Once these steps are accomplished for the exemplar taxa, the next logical step is to assess copy number and orthology of the isolated sequences.
Copy number and orthology assessment
As noted earlier in this review, several criteria can be used as evidence of orthology. In practice, the two most useful and efficient approaches are phylogenetic analysis and Southern hybridisation analysis, the former to infer orthologous relationships among sequences, and the latter to confirm that the inference of orthology is not confounded by the presence of multiple, closely related paralogs.
Once sequence data have been collected for representative taxa, sequences should be trimmed to include only exons and aligned with genes from related plants ( exons only because introns are generally unalignable outside of closely related species). Phylogenetic analyses of these data produce a hypothesis of relationships among genes, and inferred clades may represent orthologous sequence groups. For example, in our studies of Gossypium Adh we initially isolated several Adh sequence types from three representative species. Putative exons were inferred by comparison with exons of a Solanum Adh sequence from GenBank. A large dataset of angiosperm Adh exon sequences from GenBank was then compiled and subjected to phylogenetic analysis. The resulting phylogenetic tree (Fig. 5 ) grouped the Gossypium Adh sequences into five primary clades that included sequences from the representative species. These clades were inferred to represent orthologous genes, which consequently were named AdhA-AdhE (Fig. 5 ). The inference of orthology was based on the fact that for each of the named genes, sequences of each type were isolated from each of the representative species, and in each case these sequences formed monophyletic groups. Note that the Gossypium Adh genes are found in two disparate parts of the angiosperm Adh tree: AdhA, AdhB and AdhC in one clade, and AdhD and AdhE in a separate clade. These data indicate an ancient gene duplication giving rise to these two primary clades, with more recent gene duplications giving rise to the genes within each clade.
Once these preliminary phylogenetic analyses had been performed, examination of the entire sequences ( exons + introns) further supported the inference of orthology of the genes. Intron sequences were easily alignable within putative orthologs, but generally unalignable between orthologs. Furthermore, the absence of two introns in the AdhA sequences isolated from all representative species, but present in most other angiosperm Adh sequences supported the inference of orthology among these sequences. Thus, all available phylogenetic and gene structure data corroborated the orthology of the named Adh genes.
Use of nuclear genes in plant phylogeny
A ustralian Systematic Botany To ensure that the named genes were unique, and that closely related paralogous genes did not exist, we then conducted Southern hybridisation analysis. Because introns are unalignable between genes and exons are fairly divergent (generally 20---30%, except for AdhD!AdhE which are only about 10% divergent: Small and Wendel 2000a) we designed hybridisation probes that included both intron and exon sequence. Probes were small (about 500 bp) and included the majority of intron 3 + exon 4 of the Adh genes. Individual probes were obtained by PCR for each of the Adh genes and used in high-stringency Southern hybridisations (see Small and Wendel 2000a for detailed hybridisation conditions).
The results of these experiments in some cases confirmed the uniqueness of putative orthologs, and in other cases refuted those inferences. For example, for most Gossypium Adh genes, a single hybridising band was seen for the diploid species and two hybridising bands in the tetraploid, as expected. For AdhB, however, multiple hybridising bands were observed in all species indicative of additional unsampled AdhB-like genes in the Gossypium genome. Subsequent publication of Adh sequences from Gossypium genomic and eDNA libraries (Millar and Dennis 1996) corroborated this inference. Phylogenetic analysis of the sequences published by Millar and Dennis (1996) revealed that they were closely related to the AdhB sequences isolated via PCR in our study. Orthology-paralogy relationships among these AdhB-and AdhB-like genes were not clear on the basis of either phylogenetic analysis or sequence alignment; thus, it was concluded that these particular genes would be poor choices for further phylogenetic studies.
In sum, the combination of phylogenetic and Southern hybridisation analyses allowed rigorous inference of orthology (or lack thereof) among specific sequence types isolated from the representative Gossypium species surveyed in our preliminary studies. This in turn allowed us to choose from among the isolated sequences those that were potentially phylogenetically useful.
Choosing among potential sequences
Once orthologous and potentially useful genes have been identified, evaluation of rates of sequence evolution can provide insight into the relative phylogenetic utility of various candidate genes. For example, in a recent study of Gossypium phylogeny (Cronn et al. 2002b) , 11 low-copy nuclear encoded sequences were evaluated, and the percentages of variable and phylogenetically informative sites varied over 3.5-fold and 7.9-fold ranges, respectively. Percentage of variable sites ranged from 3.43 to 12.1 %, while percentage of phylogenetically informative sites ranged from 0.21 to 1.66%.
Evaluation of relative rates, and thus potential phylogenetic utility, can be conducted several ways. First and perhaps simplest, phylogenetic analysis of sequences obtained from representative taxa can be performed and relative branch lengths can be assessed. Those genes with longest branch lengths are the most variable and thus may provide the most information for a larger set of taxa.
On a finer scale, it is useful to evaluate variation on a per site basis, thus allowing inferences of the amount of information obtained per unit of sequence. Clearly, longer sequences are, in general, more likely to contain more variable sites. However, if efficiency in sequencing effort is a desirable goal, then those sequences that have the greatest variationper site may be more useful even if they are shorter than some other sequences that provide greater overall numbers of variable sites. This value can be estimated by R. L. Small et a/.
using a variety of genetic-distance algorithms available in most phylogenetic inference packages (e.g. PAUP*: Swofford 2002) . Calculation of p-distances (proportion of variable sites) provides a straightforward estimate of relative variation. More complex models (e.g. Jukes-Cantor, Kimura 2-parameter) can be invoked if deviations from a simple model of evolution are observed (e.g. transition : transversion bias, GC-content bias).
Data collectionfi'Om all taxa of interest
Once a gene or set of genes has been identified as potentially useful in representative taxa, the next step is to generate sequence data for all taxa of interest. In our experience, the most efficient approach to accomplish this is to develop locus-specific PCR-amplification primers for each particular gene of interest. There are several advantages to this approach. First, locus-specific amplification may minimise the costly, tedious and time-consuming step of having to clone PCR products from a large number of taxa, although this may be necessary in any event if heterozygosity is high. Second, the more specific the PCR primers are, the less will be the nagging problem of chimeric, recombinant PCR products that occasionally (to often) are produced during PCR amplification of genes (as discussed earlier in this review). Third, the ability to reliably and reproducibly amplify a single homogenous PCR product from multiple species bolsters the inference of orthology of those sequences.
Conclusions
The paths chosen by modern plant systematists increasingly lead to questions that are difficult to resolve through the application of one source, or even sometimes two sources, of molecular inference. There has been enormous growth over the past decade of publicly available gene-sequence databases including whole-genome sequences for model organisms such as Arabidopsis thaliana (The Arabidopsis Genome Initiative 2000) and 01yza sativa (Goff et a!. 2002; Yu et a!. 2002) and EST databases from many other species (see Plants Genome Central at NCBI: http://www.ncbi.nlm.nih.gov/gen,omes/PLANTS/PlantList.h tml). These accumulating data have set the stage for the development of new, low-copy gene markers that are up to the challenge of resolving difficult phylogenetic questions. Low-copy nuclear markers come at a higher cost with regard to development than either cpDNA or rDNA markers, but they are certain to eclipse cpDNA and rDNA with regards to reliability and resolving power. Since single-copy nuclear genes are biparentally inherited, they have the potential to reveal the ancestry of all lineages contributing to an extant species, whether diploid or polyploid (Small et a!. 1998; Liu et a!. 2001; Cronn et a!. 2002b ). Low-copy loci are rarely subject to concerted evolution (Cronn et al. 1999; Senchina et al. 2003) , and they do not display the high intragenic polymorphism (and corresponding increase in homoplasy) characteristic of rDNA, which requires concerted evolution to maintain intra and inter-array homogeneity. Finally, nuclear genes contain exonic regions that limit alignment ambiguity and facilitate homologous comparisons (Bailey and Doyle 1 999; Doyle et al. 1 999b; Bortiri et al. 2002; Sang 2002) , as well as introns and other non-coding regions that diverge at a substantially higher rate than either cpDNA or rDNA.
To the extent that plant molecular systematic studies would benefit from the routine application of one nuclear gene, the development and application of multiple independent nuclear loci holds even greater promise for addressing more complex questions. For example, the application of multiple, low-copy nuclear markers may present the only viable approach for teasing apart temporally compressed divergence events, since the variance of divergence rates across sites from exonic and intronic regions almost ensures that a fraction of sites will yield sufficient phylogenetic signals to mark lineages (Small et al. 1 998; Cronn et al. 2002b; Mal comber 2002) . Similarly, the topological 'stalemates' frequently presented by cpDNA and rDNA can only be confidently resolved through the use of multiple independent markers, such as low-copy nuclear genes (Small et a/. 1 998; Cronn et al. 2002b Cronn et al. , 2003 Mal comber 2002) . In many cases, the resolution provided by nuclear genes will help to shed light on the true topology, as well as the underlying methodological or biological basis of phylogenetic incongruence. Less frequently, attempts to resolve cpDNA-rDNA incongruence using multiple nuclear loci may tum up exciting instances where multiple nuclear markers return a consistent topology that stands in stark contrast to the topologies returned by both cpDNA and rDNA . In these challenging cases, the single accomplishment of resolving a phylogeny pales in significance to the greater challenges of understanding the evolutionary dynamics that have given rise to the genomic complexity embodied in living plant species.
